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Abstract 
Using supported lipid monolayers we have studied here calcium signals in antigen-specific B-cells (TNP-specific B-cell hybridomas, 
TP67.21) triggered by lipid hapten (TNP-Cap-DPPE). Stimulation of the B-cell hybridomas (TP67.21) with a supported DPPC 
monolayers containing 1% TNP-Cap-DPPE increased the intracellular f ee calcium ion concentration [Ca 2÷ ]i in B-cells. None of B-cells 
responded to a DPPC monolayers without lipid hapten (TNP-Cap-DPPE). Triggering for calcium signals was clearly dependent on the 
fluidity of the lipid monolayer:5. Solid DPPC and DSPC monolayers triggered the calcium signals more efficiently than the fluid DMPC 
monolayers did. These calcium signals became apparently more efficient in the presence of cholesterol. All of these results uggested that 
the rigidity of cross-linking for antigen receptors (mlgM) may be a crucial role for triggering calcium signals in B-cells. 
Keywords: Calcium signal; B lymphocyte; Supported monolayer; Fluidity; Lipid hapten; Confocal f uorescence microscopy; (Mouse) 
1. Introduction 
Reconstituted planar membranes offer an interesting 
and possibly unique approach for investigating the physi- 
cal chemistry of antigen recognition by T-cells [1,2]. This 
is because such membranes can be used to study T-cell 
responses to reconstituted membranes of defined composi- 
tion that mimic antigen presenting cells or antigen present- 
ing target cells [3-5]. The same membranes can be used to 
study the physical chemistry of membrane-membrane 
recognition, for example, using fluorescently abeled anti- 
gens together with fluorescence spectroscopy [6]. How- 
ever, no experiments have been tried yet to study recogni- 
tion and triggering in B-cells by using the reconstituted 
planar membranes. It is because there were no good model 
B-cells for studying antigen recognition and triggering in 
B-cells on the supported planar lipid monolayers. 
Then, Hamano et al. established antigen-specific B-cell 
clones directed against 2,~.,6-trinitrophenyl (TNP) hapten 
[7,8]. These B-cell hybridomas have served as attractive 
models to study the physical chemistry of antigen recogni- 
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tion and triggering in B-cells on the supported lipid mono- 
layers. Thus, we have studied here triggering of the cal- 
cium signals in TNP-specific B-cell clones using supported 
lipid monolayers containing TNP-lipid hapten and using a 
confocal fluorescence microscope [9-12]. 
2. Materials and methods 
2.1. Materials 
L- a-Dimyristoylphosphatidylcholine (DMPC), L-Ot- 
dipalmitoylphosphatidylcholine (DPPC) and L-a-dis- 
tearoylphosphatidylcholine (DSPC) were purchased from 
Avanti (Birmingham, AL). 2,4,6-trinitrophenyl-amino- 
caproyl-L- a-dipalmitoylphosphatidylethanolamine (TNP-
Cap-DPPE) were prepared by previous methods [13,14]. 
Cholesterol was purchased from Sigma (St. Louis, MO). 
Fluo-3AM, fura-2AM, and Hepes were obtained from 
Dojindo (Kumamoto, Japan). RPMI 1640 was from Gibco 
(Grand Island, NY). Preparation of trinitrophenol (TNP)- 
conjugated ovalbumin was followed in our previous paper 
[15]. In our present experiments, an average of 21 trinitro- 
phenyl groups was conjugated with ovalbumin. 
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2.2. TNP-specific B-cell hybridomas 
TNP-specific B-cell hybridomas (TP67.21) have been 
established as described in our previous papers [7,8]. 
TP67.21 stands for a cell clone. The cells were maintained 
in a culture medium containing RPMI 1640 supplemented 
with 5% FCS (fetal calf serum), penicillin G (100 U/ml), 
streptomycin (100 /.tg/ml), and 2-mercaptoethanol (50 
~M). 
2.3. Labeling of fluo-3AM and fura-2AM 
Fluo-3AM (or fura-2AM) was incorporated into the 
B-cells (TP67.21) in culture medium. B-cells (10  6 
cells/ml) were incubated for 30 min at 37°C with 5 /xM 
fluo-3AM (fura-2AM). After incubation, cells were cen- 
trifuged for 1 min at 1000 rpm in a Hitachi centrifuge 
model CR5B2. The cells were washed with 10 mM Hepes 
buffer (10 mM Hepes, 140 mM NaC1, 5 mM KC1, 1 mM 
CaC12, and 5.5 mM glucose, pH 7.2, with 0.1% BSA) and 
resuspended in 10 mM Hepes buffer. 
2.4. Preparation of supported lipid monolayers 
We described supported lipid monolayer preparations in 
our previous paper [16]. Supported lipid monolayers were 
prepared by similar procedures according to the previous 
method [17]. The lipid monolayer with or without TNP- 
Cap-DPPE was spread at the air-water interface in a 
Langmuir trough. The lipid monolayer was then com- 
pressed to 40 dyne/cm. The monolayers formed at a 
pressure of 40 dyne/cm were transferred toalkylated glass 
coverslips (1.8 × 1.8 cm) using the techniques in the previ- 
ous papers [16,17]. Each coverslip was attached to a glass 
slide. The coverslip and glass slide were separated by two 
narrow strips of double-stick tape, 200 /zm thick. 
2.5. Fluorescence measurements 
Confocal fluorescence microscopic images of B-cells 
were taken under a confocal scanning fluorescence micro- 
scope system (MRC-600; Bio-Rad, Cambridge, MA) with 
an inverted epifluorescence microscope (Nikon TMD-EFQ; 
Tokyo). A pinhole aperture in the detection path of confo- 
cal microscope was 3 mm and we used a glycerine-im- 
mersed 1.4 NA (numerical aperture) 60 × Nikon Planapo 
and a 0.85 NA 40 Nikon Fluor objective [11,12]. The 
temperature of the observation slide was controlled at 
37 ° C. The time-dependent confocal fluorescence images 
of the fluo-3-1oaded B-cells on the supported lipid mono- 
layers were measured with an argon ion laser (488 nm). 
Fluorescence spectra were measured with a Shimadzu 
spectrophotometer RF-5000 with a temperature control 
bath. The time-dependent fluorescence intensity changes of 
the fura-2-1oaded ceils were measured with the excitation 
wavelength at 335 or 358 nm and the emission wavelength 
at 500 nm at 37 ° C. 
3. Results 
3.1. Calcium signals of antigen-specific B-cells on sup- 
ported lipid monolayers 
Stimulation of TNP-specific B-cells (TP67.21) with a 
supported DPPC monolayer containing 1% TNP-Cap- 
DPPE increased the intracellular f ee calcium ion concen- 
tration [Ca 2+ ]i in B-cells. Fiuo-3-1oaded B-cells (TP67.2l) 
were spread by a pipette on the surfaces of a supported 
DPPC monolayers with TNP-Cap-DPPE (1%). Confocal 
fluorescence images of B-cells were observed by a confo- 
cal fluorescence microscope with an argon ion laser (488 
nm). Then we observed fluorescence intensity changes of 
fluo-3-1oaded individual B-cells. Typical examples of 
time-dependent fluo-3 fluorescence intensity changes of 
individual B-cells are shown in Fig. l(a-d). Fluorescence 
intensities increased transiently with short time-lags. The 
increases of fluo-3 fluorescence intensities shown Fig. 
l(a-c) were almost similar to those in B-cells which were 
stimulated with TNP-conjugated ovalbumin (or TNP-con- 
jugated bovine serum albumin). Here, we have adjusted a
focal plane of a confocal fluorescence microscope at 5 p~m 
upward from the planar lipid monolayer surfaces. As the 
depth of the optical section was 0.7 /zm in our present 
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Fig. 1. Time courses of the fluorescence intensity changes of fluo-3 
loaded individual B-cells (TP67.21) after spreading the cells on the 
supported DPPC monolayers with 1% TNP-Cap-DPPE (a-d) and without 
TNP-Cap-DPPE (e), at 37 ° C. The vertical axes were relative fluores- 
cence intensities which were subtracted the background fluorescence 
intensities. 
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Fig. 2. Percentages of the B-cells responding (TP67.21) after stimulation 
with the supported planar lipid monolayers. Supported monolayers con- 
taining different contents of TNP-Cap-DPPE. Monolayers contain: (©), 
DPPC alone; (zx), DPPC (50%); cholesterol (50%); (O), DMPC alone; 
(•), DMPC (50%)+ cholesterol (50%). Standard deviations are given by 
vertical bars. 
experimental conditions []2], it was concluded that the 
optical slice was thin enough to separate a focal plane of 
the cell and the monolayer surface. Time zero shown in 
Fig. 1 was the time when each B-cell appeared on the focal 
plane of a confocal fluorescence microscope. We have 
done such experiments a number of times and measured 
the calcium signals of individual B-cells more than three 
hundred times. Three-quarters of the B-cells were able to 
respond to the stimulation of the supported DPPC mono- 
layers containing 1% TNP-Cap-DPPE (see Fig. l(a-c)). 
However, one-quarter of the B-cells did not respond to the 
monolayers with 1% TNP-Cap-DPPE in our present exper- 
imental conditions (see Fig. ld). In a control experiment, 
we added fluo-3-1oaded B-cells on a supported DPPC 
monolayers without TNP-Cap-DPPE. None of B-cells re- 
sponded to the DPPC monolayers without lipid haptens. A 
typical examples is shown in Fig. l e. 
Percentages of the responded B-cells were dependent on 
the contents of lipid hapten (TNP-Cap-DPPE) in the mono- 
layers as shown in Fig. 2. Half of B-cells responded to the 
DPPC monolayers containing 0.1% TNP-Cap-DPPE. 
However, the amplitudes of calcium signals in individual 
B-cells were almost independent of the contents of lipid 
hapten in the monolayers. At the present time it is difficult 
to determine directly the intracellular free calcium ion 
concentrations [Ca 2+ ]i from the fluo-3 fluorescence inten- 
sity by confocal fluorescence microscopy. However, from 
the experiments of fura-2-1oaded B-cell suspensions, which 
were stimulated with TNP..conjugated ovalbumin, the aver- 
aged values of [Ca 2 ÷ ]i were 70 and 400 nM for the resting 
and the activated B-cells, :respectively. 
3.2. Effects of  membrane fluidity on the calcium signals 
Triggering for calcium signals in B-cells which were 
induced by the supported lipid monolayers was clearly 
dependent on the fluidity of the monolayers. Fluo-3-1oaded 
B-cells (TP67.21) hardly responded to the supported fluid 
DMPC monolayers containing 1% TNP-Cap-DPPE as 
shown in Fig. 3(a-c). Here, about 10% B-cells responded 
to the fluid DMPC monolayers with lipid hapten. How- 
ever, 78% of B-cells were able to respond to the solid 
DSPC monolayers with 1% TNP-Cap-DPPE and 74% of 
B-cells were able to respond to the solid DPPC monolay- 
ers with 1% TNP-Cap-DPPC. 
3.3. Effects of  cholesterol on the calcium signals 
The calcium signals in B-cells which were mediated by 
the supported lipid monolayers became more efficient in 
the presence of cholesterol. As shown in Fig. 3(d-f), the 
supported monolayers of the mixtures of DMPC and 
cholesterol (1:1) were able to induce the calcium signals 
more efficiently than the DMPC monolayers without 
cholesterol (Fig. 3(a-c)). In this case, 60% of B-cells 
responded to the monolayers containing the mixtures of 
DMPC (49.5%), cholesterol (49.5%) and TNP-Cap-DPPE 
(1%). 
The percentages of the responded cells were dependent 
on the contents of cholesterol in the monolayers. In Fig. 4 
we show the percentages of the cells responding to the 
supported DMPC and DPPC monolayers with different 
contents of cholesterol. For the DPPC monolayers with 1% 
TNP-Cap-DPPE, percentages of the cells responding were 
mostly independent on the contents of cholesterol. Thus, 
75-80% responses may be the saturated value of the 
calcium signals in B-cells (TP67.21) in our present experi- 
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Fig. 3. Time courses of the fluorescence intensity changes of fluo-3 
loaded individual B-cells (TP67.21) after spreading the cells on the 
supported monolayers with 1% TNP-Cap-DPPE at 37 ° C. (a-c), DMPC 
monolayers; (d-f), DMPC (50%)+ cholesterol (50%). 
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Fig. 4. Effects of cholesterol n the calcium signals of B-cells (TP67.21). 
Monolayers contained 1% TNP-Cap-DPPE. (a), DMPC monolayers with 
choresterol; (b), DPPC monolayers with choresterol. 
mental conditions. As for the DPPC monolayers containing 
lower concentration of the lipid hapten (0.01%), choles- 
terol increased the percentages of the responded cells as 
shown in Fig. 2 (open triangle). 
4. Discussion 
Reconstituted planar lipid membranes with lipid hapten 
were able to trigger calcium signals in antigen-specific 
B-cells (TP67.21). Time-dependent confocal fluorescence 
images showed that the calcium signals were clearly de- 
pendent on the fluidity of the monolayer membranes. 
It is thought hat the transmembrane signal transduction 
in B-cells occurs in the following pathways [18,19]. 
Cross-linking of the membrane immunoglobulin by anti- 
gen prompts the hydrolysis of polyphosphoinositides by 
phospholipase C, yielding inositol trisphosphate and 
diacylglycerol. Then, inositol trisphosphate stimulates the 
release of Ca 2 + from the endoplasmic reticulum and Ca 2 + 
influx into cytoplasm [20]. Cross-linking of membrane 
immunoglobulin is able to be mimicked by anti-mIgM 
antibodies. Thus, the triggering of the calcium signals is 
mediated by cross-linking mIgM [21,22]. 
In the present experiment, the solid DPPC and DSPC 
monolayers were more effective in triggering the calcium 
signals in B-cells compared with the fluid DMPC mono- 
layers. This must be partly due to the affinity differences 
between TNP-spacers and the monolayer surfaces in both 
planar membranes [14,23]. However, the solid planar 
monolayers induced the calcium signals in B-cells with 
much higher efficiency than the fluid planar monolayers 
did. In addition, the calcium signals in B-cells by DMPC 
monolayers became more efficient in the presence of 
cholesterol. As cholesterol is known to increase the rigidity 
of DMPC membranes [24], it is plausible that the rigidity 
of cross-linking for antigen receptors (mIgM) may play a 
crucial role in triggering calcium signals in B-cells. 
However, all of our present results are not consistent 
with the above explanation. Although cholesterol is known 
to increase the fluidity of solid DPPC membranes [25,26], 
cholesterol did not have much effect on the stimulation of 
the B-cells by DPPC monolayers. At the present ime we 
cannot explain fully the reason why choresterol did not 
have much effect on the stimulation by DPPC monolayers. 
One explanation is that cholesterol may make antigen 
receptor (mIgM) in B-cells bind more efficiently to the 
lipid hapten both in the solid and fluid monolayers, be- 
cause antibody molecules were able to bind more effi- 
ciently to the bilayer membranes with cholesterol than the 
membranes without cholesterol [27,28]. 
In the supported planar monolayers, the interactions 
between B-cell membranes and the monolayers were oc- 
curred on the planar substrates. The antigen (lipid 
hapten)-receptor (mIgM) complexes were formed only on 
the surface of the supported monolayers. In addition, the 
depth of optical section of the confocal microscope in our 
present experimental conditions was 0.7 /zm. The optical 
slice was thin enough to observe the cross-sections which 
were not attached to the monolayer surfaces. Preliminary 
experiments then showed that antigen-receptors (mIgM) 
were able to be clustered into patches without the direct 
interaction between antigen (TNP-Cap-DPPE) and antigen 
receptors (mIgM) in B-cells, even if the receptor were 
cross-linked only on a part of B-cell membrane surfaces 
(interface of monolayers) and transferred calcium signals. 
Furthermore, the solid DPPC monolayers containing TNP- 
Cap-DPPE were able to induce B-cells to secrete antibody 
when the cells were incubated on the monolayers for 3 
days, but the fluid DMPC monolayers did not (Nagao et 
al., unpublished results). Thus, the supported lipid mono- 
layer system seems to be a useful tool to study triggering 
and activation in B-cells in future. 
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